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Abstract 
Diffusion of dissolved CO2 is a possible transport mechanism in caprocks which should be evaluated precisely for long term 
storage of CO2. It is also a mechanism controlling the caprock geochemical reactivity in the vicinity of the top of the storage 
where CO2 accumulates driven by gravity. As a first step, we studied the diffusion properties of water in two low porosity 
caprock samples, giving an upper limit of the diffusion of CO2 dissolved in water.  
Two methods were used and compared on the same sample: standard through diffusion experiments with tritiated water, and low 
field NMR experiments with deuterated water. In through diffusion experiments, the sample is placed between two reservoirs; 
tritiated water is injected in one reservoir and its concentration measured in the other. In the NMR experiments, the sample is
immersed in deuterated water and the water concentration inside the sample measured as a function of time. The NMR 
experiments also provide a measurement of porosity and pore size distribution, gradually invaded by D2O; in the present 
experiments, we observed that a small porosity fraction could not be exchanged with D2O. Both techniques give a comparable 
value of pore diffusion, namely 2.4 10-10 m2/s and 1.5 10-10 m2/s respectively for NMR and through diffusion methods. The 
porosity of the sample was 6%.  
Finally, we give some arguments for modeling diffusivity, useful for numerical simulators. The effective diffusivity is primarily a 
function of porosity and we suggest a power law dependence. Due to the similarity between diffusion and electrical properties in
porous media, the exponent of the power law can be inferred from existing literature. 
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1. Introduction 
Molecular diffusion is a slow transport process at the time scale of a storage site while injecting. However, due to 
the rapid migration of CO2 at the base of the caprock acting as a seal, long term diffusion transport should be 
evaluated carefully for possible additional storage capacity [1] and for sealing efficiency. Caprocks are characterized 
by high entry capillary pressure and low permeability. However, diffusion and permeability are distinct mechanisms 
that do not depend upon the same petrophysical properties. If we take a simple system of grain packs of uniform 
grain size, permeability depends typically on the square of the grain size whereas porosity and diffusion will be 
constant in this particular case.  Therefore, despite the very low permeability of caprocks, diffusion coefficients can 
be significant and only reduced by one or two orders of magnitude compared to bulk values.  In contrast, caprocks 
may have a significant porosity (e.g. 0.2) but have permeabilities reduced by six orders of magnitude or more 
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compared to the permeability in the reservoir zone. This is due to the fact that caprocks are made of fine grains such 
as clay particules, and/or they have been subjected to specific diagenetic processes such as dissolution/ 
recristallization.   
We first focus in this paper on the comparison between two methods, a NMR concentration method and a 
radioactive through diffusion method, for measuring diffusion coefficients of water. The same samples were used to 
avoid heterogeneity issues. The important notions of effective and pore diffusion are also clarified in order to 
compare the results. Then, we suggest using a power law model derived from resistivity studies to reproduce the 
porosity dependence of the diffusion coefficients. For the temperature dependence, we suggest using the bulk water 
temperature dependence.       
2. Experimental techniques 
We describe here the NMR and radioactive tracer techniques used on two companion samples from a caprock 
formation (Charmottes, France).  
2.1. Samples 
The samples come from an oilfield located 100 km south east of Paris (Charmottes). In the framework of an 
integrated program (Geocarbon Integrity), petrophysical, petrographical and mineralogical characterizations were 
performed on several sections of the caprock. They are part of the top of the Dogger formation (Bathonian and 
Callovian geological units). We focus here on a section of intermediate porosity (6%) classified as wackestone to 
packstone with a micritic matrix strongly recristallised in sparite with stylolithes. Mineralogical analysis indicates 
the following composition: 40% calcite, 30% ankerite, 20% quartz, and minor clays (mica, illite, and kaolinite) and 
gypsum. The water permeability measured on companion plug at the same depth was 50 nD (50 10-21 m2).
2.2. NMR porosity and diffusion measurements 
We used a low field NMR technique to (i) measure precisely the pore volume without drying the sample (ii) 
obtain a pore structure information from the relaxation time distribution (iii) measure diffusion coefficients. The 
NMR spectrometer is a MARAN 23.7 MHz from Oxford Instruments equipped with a 18 mm diameter probe and 
up to 300 G/cm 1D vertical pulsed gradients. 
In NMR relaxation experiments, we measure the magnetization decay characterized by the so-called T2 relaxation 
time, resulting essentially from liquid-solid interactions of the spins carried by molecules exploring the pore space 
by diffusion. The solid-liquid interactions are effective only close to the surface in a layer of thickness HS (<1 nm). 
The volume fraction of molecules in the pore volume is fb (bulk volume), and fs is the volume fraction of molecules 
in the surface layer (fb + fs = 1). As a result of molecular diffusion, there is an exchange between the surface and 
bulk volumes with a typical exchange time Ĳex. In the so-called fast exchange regime (Ĳex<< T2), the relaxation time 
T2 is an average of the bulk and surface relaxation rates weighted by the volume fraction:   
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T2s is the relaxation time characteristic of the surface layer, and T2b is the relaxation time of the bulk liquid 
(T2s<<T2b). An important parameter describing the strength of solid – liquid interactions is the surface relaxivity ȡ2
or relaxation velocity at the pore surface defined as ȡ2 = İ / T2S.  The relaxation time T2 can then be expressed by:  
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The above equation is the basis for the interpretation of relaxation time as an indicator of pore size expressed as 
the ratio Vp/Sp. Note that this ratio includes a pore shape and a surface rugosity. In the presence of a distribution of 
pore sizes, or more precisely a distribution of Vp/Sp, the magnetization decay M(t) is no more a single exponential 
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but the sum of the contribution from all pores. M(t) is then analyzed in term of a discrete series of exponential 
decays such as:  
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where Ai represents the number of spins associated with a relaxation time T2i. The plot of a T2 distribution 
consists of a plot of the curve A(T2) estimated usually at 80 discrete predefined T2i values. The total magnetization 
M(t=0) represents the total amount of detectable spins and is converted to a volume of water by comparison with a 
water sample of known volume. The relaxation time distributions were calculated using the IFP software MEA 
(Multi-Exponential-Analysis) not detailed here. The measurements were performed using a standard CPMG 
sequence with an inter-echo time of 0.06 ms (an inter-pulse spacing of 0.03 ms). Therefore, we consider that the 
smallest detectable relaxation time is T2=0.06 ms. The signal to noise ratio is usually greater than 100.  
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Figure 1: Measurement of T2 relaxation time distributions on two samples. Full lines: fully saturated samples before immersion in D2O. Dashed 
lines: distribution after immersion in D2O. Left: sample Charm1; right: sample Charm2.  
The T2 relaxation time distributions obtained on two companion samples indicate three pore size groups (Figure 1). 
If we chose a typical surface relaxivity U2=5 Pm/s, a relaxation time of 1 ms corresponds to a V/S ratio of 5 nm. As 
a guide only, for a dense sphere pack, the resulting sphere diameter would be about 100 nm (V/S=0.058 d). At very 
short time (T2<0.2 ms, 15% of the total proton population), we observed a nanoporosity. For clays, it would 
correspond to protons located in interlayers. In the present situation, this population should rather be interpreted as 
water isolated in recristallized micrite or intra crystalline water. As will be seen later, these protons were not 
exchanged with D2O and the corresponding porosity should be considered as unconnected porosity. The second 
population is located around 1 ms and constitutes most of the porosity. Finally, there is a small porosity at 10 ms 
(3.4% of the total proton population) which was surprisingly not exchanged with D2O, although this population 
represents the largest pores in the system. Again, the recrystallisation mechanisms occurring during the formation of 
the caprock may be at the origin of this isolated porosity. To calculate the effective porosity (6.4 p.u., Table 1), we 
removed the non exchangeable protons from the signal. 
Concerning diffusion, our equipment allows the measurement of effective self-diffusion coefficients as detailed in 
[2]. However, because we follow the magnetization carried by molecules and not directly their displacements, the 
life time of the magnetization must be long enough. For our system, the pulsed field gradient sequence cannot be 
used because most of the magnetization has decreased to zero (about 5T2=5 ms, Figure 1) before a diffusion echo 
can be recorded (at about 8 ms). Therefore, we chose to use a deuterium tracer technique as explained in Figure 2. 
The sample initially saturated with a low salinity brine (5 g/L NaCl) is immersed in D2O (purity 99.5%). Because 
D2O (2H) has a very different resonance frequency (in our case 3.6 MHz) and is therefore not measured, we can 
measure a 1H water concentration decreasing as a function of time by simply recording the magnetization as a 
function of time (Figure 2). This simple technique has the great advantage of revealing also the non accessible 
porosity, as described above.     
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Figure 2: Left: schematic of the experiment for measuring diffusion coefficients using NMR. The sample, initially saturated with H2O, is 
immersed in D2O. The T2 distribution is recorded at regular interval to measure the magnetization decay in the sample due to diffusion of D2O
into the sample.  Right: average normalized water concentration as a function of time (x) and data fitting using Dp=2.48 10-6 cm2/s and r=0.5 cm 
( ). The temperature was T=30°C.  
Without the need for calibration, the magnetization can be expressed in terms of 1H concentration C. Assuming a 
spherical geometry, we used the following diffusion equation to analyze the data [3]:  
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where r is the sphere radius. Here, the initial concentration Ci=1, and the final concentration Cf is close to 100% in 
the connected porosity. Note that there exists a small residual uniform 1H concentration outside the sample at the 
end of the experiment, so that the boundary condition C=0 is not strictly true during the entire  experiment. 
However, this effect is minimized because we used a large volume of D2O compared to H2O. Fitting the data with 
the above equation gives good results (Figure 2, a similar fit was obtained for the second sample) and the 
assumption of spherical geometry does not affect the quality of the fit. We find effective diffusivity values of about 
2.4 10-6 cm2/s for both samples (Table 1).   
Sample ID Size/Shape Porosity (p.u.) Dp (cm2/s) NMR 
Charm 107-1 Cube (1.03x1.04x1.09 cm) 6.4 2.39 10
-6
Charm 107-2 Cylinder (L=D=1.05 cm) 6.4 2.48 10
-6
Table 1: Results of NMR porosity and pore diffusion coefficients on two caprock samples at 30°C. 
2.3. Radioactive tracer technique 
Radioactive tracer measurements were made using tritiated water (HTO – T stands for tritium, 3H) as a tracer in a 
through-diffusion experimental setup. Through-diffusion [4] basically consists in placing the water-saturated sample 
between two reservoirs also filled with water (Figure 3). One of the reservoirs (“upstream” reservoir) is spiked with 
the tracer, the concentration of which is monitored in the other one as a function of time. Since no pressure gradient 
is applied, diffusion is the sole mechanism for tracer transport. 
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Upstream reservoir:
Water + tracer
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Figure 3: Typical setup for a through-diffusion experiment.  
The same samples as in the NMR study were used. They were saturated with salted water with a composition similar 
to the pore water (total salt content: 5.5 g/L – major salts: NaCl and Na2SO4), hereafter denoted “equilibrated” 
water. Each sample was glued to a polypropylene sample holder using Sikadur epoxy resin. The lateral faces of the 
samples were completely embedded in the resin, so as to impose a purely one-dimensional configuration. The 
external faces were parallel to rock bedding (diffusion was therefore perpendicular to the rock strata). The sample 
holders were then placed in stainless steel diffusion cells (Figure 3). The volumes of the upstream and downstream 
reservoirs were respectively 15 and 19 cm3. They were also filled with equilibrated water. The diffusion cells were 
kept at room temperature (23 ± 1 °C). An activity of 3 MBq was added into the upstream reservoir. Samples were 
taken every day at first; the sampling period was then gradually increased to 4 days. Sample volume was 0.1 cm3 in 
the upstream reservoir, complemented with 9.9 cm3 of equilibrated water. The downstream reservoir was emptied 
completely at each sampling period and refilled with untagged equilibrated water; a 10 cm3 sample was taken each 
time. This procedure allowed maintaining and controlling stable boundary conditions (respectively constant and null 
volume activity in the upstream and downstream reservoirs). 
An equal volume of scintillating cocktail (Instagel Plus) was added in each sample. The mixture was let to rest 
for at least six hours. Tritium activity was counted twice in each sample using a Packard Tri-carb 2900TR liquid 
scintillation counter. Typical counting time was 60 minutes. Typical count rates were in the 105 – 106 dpm 
(disintegrations per minute) range. Background level was about 20 – 25 dpm. 
The resulting tracer restitution curve was analyzed using a simple model. This model is described here in some 
detail because diffusion in porous media can be expressed in many different ways which may lead to some 
confusion. The (radio)activity flux density, aJ  (expressed for instance in Becquerel per square meter of porous 
medium per second), is given by Fick’s law as: 
                    aJa  
&&
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where eD  is strictly speaking the effective diffusion tensor and a  the volume activity (Becquerel by cubic meter of 
pore solution). This law is given here as a “phenomenological” law, but it can be formally derived from diffusion 
equations at the pore scale under not very stringent assumptions (see for instance Quintard et al. [5]). In our case, 
diffusion is i) one-dimensional ii) perpendicular to rock bedding; Fick’s law therefore reduces to a scalar form: 
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where eD  now is the (transverse) effective diffusion coefficient and z  the coordinate along the sample axis. 
Writing the balance equation for activity yields: 
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Assuming eD  does not depend on position (uniform rock properties) nor on volume activity (because the volume 
fraction of tritiated water is anyway always very low), this equation yields the Fick’s second law: 
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where pD  is the pore diffusion coefficient. Combined with the initial and boundary conditions in a through-
diffusion experiment (null initial concentration, respectively constant volume activity 0a  and null volume activity in 
the upstream and downstream reservoirs), it can be integrated to yield: 
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where e  is sample thickness. From this equation, it is apparent that the “pore” diffusion coefficient pD  controls the 
transient part of the tracer restitution curve while the “effective” diffusion coefficient determines the steady-state 
value of aJ .
Going back to the experiment, the measurements provided the values of 0aJa  averaged over the period between 
two samplings. The values of eD  and pD  (or actually H ) were then determined by least-square fitting of a time-
averaged version of Equation (9). The results are shown on Figure 4 and Table 2. It should be noted that, because of 
the low sampling frequency, resolution of the transient part, and therefore precision onH , is rather poor.  
Figure 4: Results of the through-diffusion tracer experiments. Left: sample Charm1, right: sample Charm2.  
Sample ID De (cm2/s) Porosity (p.u.) Dp (cm2/s)
Charm 107-1 8.0 10-8 6 1.3 10-6
Charm 107-2 9.8 10-8 7 1.4 10-6
Table 2: Results of effective and pore diffusion coefficients from the tracer experiment at 23 °C. 
2.4. Comparison of the NMR and radioactive tracer results 
The NMR experiment is based on a transient diffusion experiment and basically yields directly a value for the 
pore diffusion coefficient pD . Comparison with the tracer results shows that the order of magnitude of pD  is indeed 
the same but that the NMR values are larger than the tracer ones (less than a factor of two, see Table 3). Several 
reasons may account for this discrepancy: 
x The NMR experiment involves diffusion from/to all the faces of the sample, hence both perpendicular 
and parallel to the rock strata. On the contrary, the diffusion of radioactive tracer is limited to the 
perpendicular direction. It is therefore not surprising that the latter should be slower. Values of 2 to 3 for 
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the ratio of parallel to perpendicular diffusion are actually reported in the literature (Cormenzana et al. 
[6] for the diffusion of HTO in clay rocks). 
x Temperatures are different in both experiments (respectively 30 and 23 °C). Assuming an activation 
energy of 13.8 kJ.mol-1 for diffusion processes in water (Li and Gregory [7]), this effect should account 
for a difference of 14 % only. 
x Measured quantities are not quite the same: the mutual diffusion coefficient for light and heavy water in 
one case; the tracer diffusion coefficient of tritiated water in light water in the other one. This effect 
should however be quite minor, since the self-diffusion coefficients of heavy and tritiated water all lie 
within less than 10 % of the value for light water (London South Bank University [8]). 
Finally, the porosities deduced from the tracer technique are similar to the NMR values, which are very accurate. 
However, considering the low precision of the value from the tracer experiment, this observation may be purely 
circumstantial. The order of magnitude is however confirmed by mercury porosity measurements (6.1 p.u.). 
Sample ID Porosity (p.u.) Dp (cm2/s) tracer Dp (cm2/s) NMR 
Charm 107-1 6.4 1.4 10-6 2.4 10-6
Charm 107-2 6.4 1.7 10-6 2.5 10-6
Table 3: Comparison of NMR and tracer pore diffusion coefficients on two caprock samples at 30°C. The tracer results from Table 2 have been 
corrected for temperature and the NMR porosities have been used to calculate the pore diffusion coefficients.  
3. Diffusion models 
We suggest here to model the diffusion coefficient as a function of porosity which is the primary parameter 
influencing diffusion. This is inferred from resistivity studies using the diffusion-resistivity equivalence described 
below. These models should be considered as upper limits of the diffusion coefficients. The temperature dependence 
is also of high importance, and we suggest to use the temperature dependence of bulk water diffusivity as an 
indication.     
3.1. Porosity dependence  
The well known diffusion-resistivity equivalence is based on the similarity between the governing equations for 
resistivity and diffusion:  
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where JE and JD are the electrical and diffusive flux densities respectively, V is a potential and C is a concentration, 
V0 and D0 are the bulk resistivity and diffusivity respectively.  Hence, the knowledge about electrical properties can 
be used to infer diffusion properties in porous media. This is valid for specific boundary conditions, i.e. the porous 
media is non conductive, there is no interactions between the diffusive specie and the solid. Typically, this analogy 
will not be valid for the description of the diffusion of ions with charged solid surfaces. When CO2 dissolves into 
water at elevated pressure, aqueous CO2 is the dominant specie whereas a small amount is dissociated to form 
carbonic acid. Moreover, because CO2 has no electrical dipole, it can be considered as neutral with respect to the 
solid surfaces. Finally, the diffusion of CO2 in bulk water (2 10-9 m2/s at 25°C, [9]) is close to the self-diffusion of 
water (2.3 10-9 m2/s, see below) at the same temperature.         
Resistivity is usually modeled as a power law known as the Archie law:  
m H
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Therefore, after including a porosity normalization, the pore diffusion also depends on porosity but with a smaller 
exponent. The determination of the m exponent has been a large area of research and it is well known that m is not 
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independent of the structure of the porous media. However, a central value of m=2 is considered as appropriate 
when no measurement is available. For bead packs or unconsolidated media, m decreases down to 1.5, whereas for 
well cemented systems, it can increase up to 2.5 (a compilation of value for carbonates can be found in [10]). From 
the present measurements (Table 3), we find 1.87<m<2.06 considering the lowest and highest values.      
3.2. Temperature dependence 
Diffusion processes are known to strongly depend on temperature. Using the same arguments as presented above 
and because time consuming diffusion experiments are usually performed at a single temperature, we suggest using 
the temperature dependence of bulk water. Temperature dependences are usually described using Arrhenius laws as 
mentioned above. However, for bulk water, this is not exactly true in a wide range of temperature and a more recent 
and accurate relationship is given by [11 ]: 
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The above relation reproduces experimental data within an accuracy better than 1% in the temperature range [283 - 
373 K]. For example, the water diffusivity is 2.6 10-9 m2/s at 30°C and increases by a factor of 3.3 when the 
temperature increases up to 100°C.  
4. Conclusion 
We measured the mutual diffusion coefficient of light and heavy water in water using two different methods, in a 
caprock formation of very low permeability. The NMR and radioactive tracer methods used give comparable results: 
the pore diffusion is of the order of 2 10-10 m2/s at 30°C for a sample of porosity 0.064, about 10 times less than the 
diffusion of bulk water. From the resistivity-diffusion equivalence and from the resistivity literature, we suggest that 
diffusion coefficients primarily depend on porosity. The measurements of water diffusion coefficients give an upper 
limit of the diffusion of aqueous CO2 in water in porous media.    
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